ABSTRACT: Amplitude-integrated electroencephalography (aEEG) provides us with a method of assessing brain activity in critically ill neonates. In extremely premature neonates, the aEEG trace is predominantly discontinuous, making it difficult to distinguish between a "normal" and "abnormal" trace. We measured aEEG activity in the first 48 h of life in neonates born before 29-wk gestation and used both visual and quantitative analysis of the aEEG data to assess differences in neonates with poor short-term outcome [death or peri/intraventricular hemorrhage (P/IVH)] compared with those who survived without P/IVH to identify features of an abnormal aEEG. On quantitative analysis, EEG continuity Ͻ80% at 10-V level was a sensitive and specific marker of poor short-term outcome. By using this marker, we identified 83% of neonates who died or developed grade 3 or 4 IVH and 60% of neonates who developed grades 1 or 2 IVH, with a positive predictive value for death or any IVH of 73% and a negative predictive value of 86%. Absence of sleep-wake cycling with baseline variability Ͻ2 V was the strongest predictor of outcome using visual analysis alone. (Pediatr Res 67: 538-544, 2010) E xtremely premature neonates have been provided with life-saving intensive care support in neonatal intensive care units (NICUs) for more than three decades. As survival rates for these infants have improved, an increasing emphasis is being placed on the quality of survival and long-term neurologic outcome in these vulnerable children (1,2).
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Cardiorespiratory monitoring is performed as standard care in neonatal units. Monitoring of brain function is more difficult. Electroencephalography (EEG) monitoring is a sensitive method for detection of brain injury in preterm infants (3) (4) (5) (6) ; however, the fragile nature of the extremely premature neonate makes it difficult to perform long-term monitoring using multichannel EEG recordings and is particularly difficult during the first few days of life when the neonate is often critically unwell.
Limited channel amplitude-integrated EEG (aEEG) monitoring provides a simplified form of EEG monitoring that can be performed over prolonged periods of time in the NICU. In full-term neonates, aEEG monitoring is used in the first few days of life for neonates with encephalopathy or risk of seizures to help guide treatment and to assist with prognosis (7) (8) (9) (10) (11) (12) (13) (14) (15) .
The role of aEEG monitoring in the premature neonate is less clear. The EEG in the premature neonate is predominantly discontinuous, with bursts of activity alternating with periods of relative attenuation (6, 16, 17) . The sleep-wake pattern seen in the aEEG recording of the mature full-term neonate is poorly developed in the preterm neonate. The general immaturity of the EEG trace in the extremely premature neonate results in difficulty distinguishing between a "normal" and "abnormal" aEEG trace in these neonates. A number of studies have assessed aEEG recordings of premature neonates during the first few weeks of life (18 -23) ; however, few studies have assessed extremely premature neonates in the first 48 h after birth (24, 25) . Quantitative aEEG analysis has been performed in some recent studies, which have shown associations between quantitative measures and outcome (20, 23, 25) .
The aims of this study were to:
1. Identify features of a normal aEEG trace in the first 48 h of life in neonates Ͻ29-wk gestation who survived without peri/intraventricular hemorrhage (P/IVH), using visual analysis and quantitative measures. 2. Identify features of an abnormal aEEG trace, by assessing differences in the aEEG recordings between neonates who survived without P/IVH and those who died or developed P/IVH.
METHODS

Subjects.
Neonates with gestational age Ͻ29 wk admitted to two tertiary level NICUs at Royal North Shore Hospital (RNSH) and Royal Prince Alfred Hospital (RPAH), Sydney, Australia, were recruited to this prospectively performed cohort study. The study was approved by the Human Research Ethics Committee and Clinical Trials Committee of both hospitals. Written informed parental consent was obtained for all neonates.
Perinatal/neonatal factors recorded included the following: birth weight (BW), gestational age at birth (GA), sex, mode of delivery, cord blood pH, Apgar score at 1 and 5 min, mean blood pressure (BP), mechanical ventilation, and use of inotropes (dopamine or dobutamine), sedatives, and anticonvulsants. Treatment with inotropes was at the discretion of the clinician but was generally given for low BP (mean BP Ͻ24 mm Hg) or clinical and cardiac ultrasound signs of poor perfusion [low cardiac output or low superior vena cava flow (26) ].
Amplitude-integrated EEG. Two channel aEEG traces were recorded continuously from 10 -48 h of life with the Brainz Instruments BRM2 monitor (Brainz Instrument Ltd, New Zealand), using hydrogel electrodes, with standard electrode placement at C3, P3, C4, and P4 regions (International 10 -20 system). The transformation of the EEG signal into the amplitudeintegrated trace has been described elsewhere (20, 23) . The EEG signal is filtered, rectified, amplitude integrated, and compressed to display 1 h of recording per 6 cm. All aEEG recordings were obtained by two investigators (M.P. and D.S.). aEEG recordings were analyzed for three 2-h epochs at 12-14 h, 24 -26 h, and 46 -48 h. Data were analyzed when there was at least 60 min of satisfactory recording within the 2-h epoch, with impedance Ͻ15 kOhm per electrode pair. Cross-cerebral P3-P4 aEEG recordings were analyzed to provide comparison with single-channel aEEG monitors.
Visual analysis of the aEEG. Each 2-h epoch was analyzed visually to assess background pattern and baseline variability, using criteria modified from Hellstrom-Westas et al. (27) . Visual analysis was performed with the observer blinded to quantitative analysis of the aEEG and outcome of the neonate. Periods of trace affected by seizures or obvious artifact were excluded from visual analysis. Background pattern was classified primarily using the aEEG minimum amplitude.
aEEG background pattern ( Fig. 1 ):
1. Continuous: periods of continuous activity with minimum amplitude Ͼ5 V identified for at least one 10-min period of the 2-h trace; 2. Discontinuous: predominantly discontinuous pattern, with minimal amplitude 2-5 V for Ͼ50% of trace; 3. Suppressed: predominantly suppressed trace, with minimum amplitude Ͻ2 V for Ͼ50% of trace (27) .
aEEG baseline variability (sleep-wake cycling; Fig. 1 ):
1. Developed sleep-wake cycling: clearly identifiable sinusoidal variation between discontinuous and continuous background activity, with cycle duration and periods of continuity Ն20 min; 2. Immature sleep-wake cycling: some cyclic variation of aEEG baseline amplitude (variation Ͼ2 V), predominantly between discontinuous low voltage and discontinuous high voltage patterns, with cycle duration Ͻ20 min; 3. No sleep-wake cycling: variation in aEEG baseline Ͻ2 V throughout trace.
Quantitative analysis of the aEEG. Quantitative measurements of cross cerebral P3-P4 recordings were analyzed off-line to obtain EEG continuity and aEEG amplitude using the Brainz Analyze Research version 1.5 software (Brainz Instruments). EEG data were assessed every 2 s, then averaged, and recorded at 1-min intervals (23) .
Quantitative EEG continuity measures were determined for each 2-h epoch as the percentage of time during which the amplitude of the raw EEG was above a predetermined threshold (10, 25 , and 50 V) (23) .
The mean Ϯ SD of the maximum, mean, and minimum aEEG amplitude was calculated for each 2-h epoch. The SD of the minimum aEEG amplitude (SD minimum amplitude) was recorded as a quantitative measure of baseline variability.
Cranial ultrasounds scans. Serial scans were performed at 6 -12 h, 24 -48 h, d 3-7, d 28 -30, and 36-wk postconceptional age, using a GE Vivid 7 ultrasound machine (GE Healthcare). Cranial ultrasounds were assessed for P/IVH and structural abnormalities. P/IVH was classified according to Papille et al. (28) .
Neonatal outcomes. Survival to discharge and grade of P/IVH were recorded. Neonates were categorized into three groups: survivors without P/IVH; survivors with grades 1-2 IVH; and neonates who died or developed grades 3-4 P/IVH.
Statistical analysis. Statistical analysis was performed using SPSS Statistics 17.0 (SPSS, Chicago, IL). Perinatal variables, EEG, and aEEG measures for survivors and neonates who died or developed P/IVH were compared using Mann-Whitney U and Kruskal-Wallis tests for continuous variables, and Pearson 2 test to assess difference in proportions. The Friedman test for related nonparametric samples was used to assess changes in EEG and aEEG measures over time (at 12, 24, and 48 h) for each group.
RESULTS
Subjects.
Sixty-five neonates born at Ͻ29 wk gestation were enrolled between January 2004 and August 2008. Twenty-one (32%) were born at 24 -25 wk gestation and 44 (68%) at 26 -28 wk gestation. The median GA was 26 wk (range, 24 -28 wk), and the median BW was 865 g (range, 428-1417 g). Fifty-five neonates survived, 43 (78%) had no P/IVH, 10 (18%) had grades 1-2 IVH, and two (4%) had grades 3-4 P/IVH. Ten neonates died, five with grades 3-4 P/IVH. Grades 3-4 P/IVH was identified before 12 h in two neonates and at 30 -48 h in five neonates. Death occurred before 48 h in three neonates, the remainder died between 3 and 53 d. Eighteen neonates (28%) required inotrope support.
There were no significant differences in characteristics at birth among the survivors compared with those who died or developed P/IVH. Neonates who died or developed P/IVH had a lower mean BP at 12 h and were more likely to be supported with inotropes at 24 h (Table 1) .
A total of 182 EEG epochs were analyzed: 62 at 12-14 h, 64 at 24 -26 h, and 56 at 46 -48 h. Fifty-two neonates had complete recordings for all three time epochs. Three neonates died before 48 h, and 10 recordings were excluded because of technical difficulties.
Features of the normal aEEG seen in neonates who survived without P/IVH. On visual analysis of the aEEG, the majority of neonates who survived without P/IVH had a discontinuous aEEG background pattern (aEEG baseline Ն2 V), with immature sleep-wake cycling (baseline variability Ͼ2 V). Periods of continuity with aEEG baseline Ͼ5 V were seen in 21% at 24 h, and developed sleep-wake cycling was occasionally seen (Ͻ10%; Figs. 2 and 3) . On quantitative analysis of the aEEG at 24 h, 86% of neonates who survived without P/IVH had EEG continuity Ͼ80% at the 10 V level, 90% had an average maximum aEEG amplitude Ն12 V, and in 83%, the SD minimum amplitude was Ͼ1 V (Table 2) . Median percent EEG continuity at 10-, 25-, and 50-V levels and maximum, mean, and minimum aEEG amplitudes increased from 12 to 48 h in survivors (Friedman test, p Ͻ 0.01; Table 3 and Fig. 4) .
Features of the normal aEEG seen in neonates who died or developed P/IVH. On visual analysis, 33% of those who died or developed grade 3 or 4 P/IVH had a suppressed aEEG baseline Ͻ2 V, and 75% had no sleep-wake cycling (baseline variability Ͻ2 V). Periods of continuity with aEEG baseline Ͼ5 V were not seen in any neonates who died or developed P/IVH (Figs. 2 and 3) .
Neonates who died or developed P/IVH had significantly lower EEG continuity at the 10-, 25-, and 50-V levels and lower aEEG maximum, mean, and SD minimum amplitude at 24 h than survivors without P/IVH (Table 3) . In contrast to survivors, there was no increase in EEG continuity or aEEG amplitude from 12 to 48 h in neonates who died or developed grades 3-4 IVH. Neonates with grades 1-2 IVH had suppression of continuity at 24 h, with recovery by 48 h (Table 3 and Fig. 4) . EEG continuity Ͻ80% at the 10-V level at 24 h was a strong predictor of death or IVH, with a sensitivity of 73% and specificity of 86% (p ϭ 0.000; Table 2 and Fig. 5 ).
The SD minimum amplitude was significantly lower at both 12 and 24 h for neonates who died or developed P/IVH compared with those who survived without P/IVH (Table  3) and was strongly associated with visual analysis of aEEG sleep-wake cycling. At 24 h, 14 of 21 neonates (67%) with no sleep-wake cycling on visual analysis had a SD minimum amplitude Ͻ1 V, compared with two of 41 (5%) of those who had immature or developed sleep-wake cycling (p ϭ 0.000).
There was a strong association between low EEG continuity and use of inotropes. At 24 h, EEG continuity was Ͻ80% at the 10-V level in 12 of 18 neonates (67%) who required inotropes, compared with 10 of 46 (22%) who did not require inotropes (p ϭ 0.001; Fig. 5 ). In 14 of 18 neonates (78%) who received inotropes, there was an increase in EEG continuity at the 10-V level between 12 and 24 h (including three of four neonates who commenced inotropes between 12 and 24 h). Features of normal and abnormal aEEG recordings are illustrated in Figure 6 , which shows aEEG recordings at 24 h in a twin pair born at 24 wk gestation. 
DISCUSSION
This study provides additional information about aEEG data in a large cohort of neonates born before 29 wk gestation and identifies quantitative values that may be used to distinguish between a normal and abnormal aEEG in extremely premature neonates in the first 48 h of life. On quantitative analysis, EEG continuity Ͻ80% at the 10-V level was a sensitive and specific marker of poor short-term outcome. By using this marker, we identified 83% of neonates who died or developed grade 3 or 4 IVH and 60% of neonates who developed grade 1 or 2 IVH, with a positive predictive value for death or any IVH of 73% and a negative predictive value of 86%. Absence of sleep-wake cycling with baseline variability Ͻ2 V was the strongest predictor of outcome using visual analysis alone. SD minimum amplitude Ͻ1 V was a useful quantitative marker of poor baseline variability.
Assessment of the aEEG in the first few days of life in extremely premature neonates is difficult, as many of the normal features seen in this extremely premature cohort would be considered abnormal in neonates at older ages and gestations. Accurate assessment of the preterm aEEG requires substantial experience with EEG monitoring of the premature neonate to become familiar with normal variants and artifacts. The very discontinuous trace and low aEEG baselines seen in this cohort make visual identification of abnormalities of the background trace difficult; therefore, identification of quantitative measures that can help to distinguish normal from abnormal may provide an important tool for monitoring extremely premature neonates in the future. A number of studies have assessed the aEEG in preterm neonates in the first 1-2 wk of life (18 -25) ; however, assessment of the extremely premature neonate using quantitative aEEG measurements has been limited (20, 23, 25) , and little is known about changes in the aEEG in extremely premature neonates in the first 48 h of life. The data from this study demonstrate lower EEG continuity and aEEG amplitude in the first 24 h of life than in those that have been reported in neonates at an older age, with an increase over the first 48 h of life. This is consistent with a previous study (23) , which demonstrated an increase in continuity and amplitude in the first week of life in preterm neonates born Ͻ32 wk gestation. Reasons for the increase in EEG continuity and aEEG amplitude over the first 48 h of life are unclear. Postulated mechanisms include changes in cerebral blood flow after birth, recovery from physiologic stress at the time of birth, recovery from intensive care treatments such as intubation and surfactant, or increased responsiveness to external stimulation from the environment. Knowledge of this increase in EEG continuity and aEEG amplitude in the first 48 h is important, as it highlights that normal values measured in neonates later in the first 1-2 wk of life may not be appropriate to apply to extremely premature neonates in the first 48 h of life.
The association between P/IVH and changes in the EEG and aEEG in extremely premature neonates has been seen in previous studies (19, 22, 24, 29) . Many of these studies have been performed after the first day of life in neonates who had already developed a P/IVH. In a study of neonates born before Ͻ30 wk gestation, Olischar et al. (22) found a decrease in early sleep-wake cycling and an increase in discontinuous aEEG activity in neonates with P/IVH compared with healthy preterm neonates on aEEG performed in the first 2 wk of life. Consistent with Olischar et al. (22) , we found a decrease in aEEG activity in survivors with lower grades of IVH (grades 1-2 IVH) and more marked depression of the aEEG in those who died or developed grades 3-4 P/IVH, although the more subtle changes associated with grades 1-2 IVH were primarily identified in our study using quantitative markers.
Only a few studies have assessed the EEG or aEEG before the onset of the P/IVH (24, 29) . In our study, head ultrasound examinations were performed on all neonates before commencement of the aEEG recording. Of the seven neonates who developed grade 3 or 4 IVH, only two of these had evidence of IVH before 24 h (both present on first ultrasound at 12 h). The remaining five neonates developed acute symptoms associated with head ultrasound evidence of IVH after 24 h. Despite the later appearance of these hemorrhages, the majority of these neonates had evidence of low EEG continuity, low amplitude, and poor aEEG baseline variability present on aEEG monitoring before the development of the IVH. We hypothesize that these earlier aEEG changes are associated with poor cerebral perfusion or hypoxic/ischemic injury in the period leading up to the development of the IVH (30, 31) .
Our finding of a strong association between low EEG continuity and use of inotropes supports a hypothesis that the low EEG continuity is associated with decreased cerebral perfusion. Inotropes were given on clinical grounds to neonates who had evidence of low BP or clinical and cardiac ultrasound signs of poor perfusion (low cardiac output or low superior vena cava flow). Although we cannot exclude the possibility that the use of inotropes may have contributed to the low EEG continuity found in neonates who received the inotropes, the increase in continuity from 12 to 24 h in the majority of neonates who received inotropes does not support a causative relationship between inotrope use and low continuity levels. Although the use of inotropes was significantly associated with poor outcome, EEG continuity Ͻ80% at the 10-V level at 24 h was a more sensitive predictor of death or IVH than use of inotropes. Among neonates who died or developed IVH, 73% had EEG continuity Ͻ80% at the 10-V level at 24 h, however, only 55% had received inotropes. This provides some evidence that EEG continuity provides a more sensitive predictor of outcome than may be apparent from clinical examination alone.
Studies assessing quantitative aEEG measures and outcome in extremely premature neonates are limited. Wikstrom et al. (25) identified an association between an increase in interburst interval and a decrease in aEEG maximum and minimum amplitude in neonates with P/IVH or white matter damage in the neonatal period and with neurodevelopmental handicap at 2 y. Inder et al. (20) identified an association between cerebral white matter injury and spectral edge frequency in aEEG studies performed in the first 20 d of life in neonates born before 32 wk gestation. Our study identified a decrease in continuity at the 10-, 25-, and 50-V levels in neonates with death or IVH; however, low continuity at the 10-V level provided greater sensitivity and specificity for identification of poor short-term outcome in this group of extremely premature neonates.
In conclusion, this study has identified a number of visual and quantitative EEG features of the normal and abnormal aEEG trace in neonates before 29-wk gestation in the first 48 h of life. EEG continuity Ͻ80% at 10-V level was identified as a sensitive and specific marker of poor short-term outcome. By using this marker, we identified 83% of neonates who died or developed grades 3-4 IVH and 60% of neonates who developed grades 1-2 IVH, with a positive predictive value for death or any IVH of 73% and a negative predictive value of 86%. Development of quantitative EEG analysis to allow its use at the bedside may provide a useful clinical tool for monitoring brain activity in extremely premature neonates in the future.
